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Introduction
The applications of fibre composite sandwich systems are rapidly increasing in civil infrastructure and construction due to their excellent durability, design flexibility, cost effectiveness, and high strength-to-weight and stiffness-to-weight ratios [1] . In these applications, composite sandwich panels are oriented either in the horizontal or vertical directions to effectively resist the design loading. In particular, sandwich panels in horizontal orientation are widely used for structural roofs [2] , floors [3] , walls [4] and bridge decks [2] .
In this orientation, the strong and stiff fibre composite skins are located at the top and bottom surfaces of the panels. On the other hand, the panels are used in the vertical orientation for bridge girders [3] , railway sleepers [5, 6] , or similar beam applications wherein the fibre composite skins are located at both sides of the core material.
Several studies have been conducted to investigate the behaviour of sandwich panels at horizontal orientation [7] [8] [9] [10] [11] [12] [13] while very limited studies have been reported on the behaviour at vertical position. Manalo et al. [14] are probably the only researchers who evaluated the behaviour of 20 mm × 50 mm sandwich beams in both horizontal and vertical orientations. The results of their experimental investigation showed that the sandwich beams in the vertical position failed at a higher load with less deflection compared to beams in the horizontal position. Similarly, the beams in the vertical orientation failed progressively while the beams in the horizontal orientation exhibited a brittle failure. Their study however was limited to sandwich beams with a particular shear span resulting to beams with different shear-span ratios making the direct comparison of their behavior inadequate. Many researchers [15] [16] [17] indicated that shear span-to-depth ratio has a strong influence on the failure behaviour and structural performance of the sandwich beams. Manalo [18] investigated the behaviour of phenolic-core sandwich beams in horizontal orientation with different shear span-to-depth ratios. His study found that with increase of shear span-to-depth ratio, the failure load of the sandwich beam decreases due to the increase of deflection.
Recently, Mathieson and Fam [19] studied the bending and failure mechanism of sandwich beams with low-density polyurethane core and glass fiber-reinforced polymer skins in vertical orientation with varying shear span-to-depth ratios in the application of walls and supporting beams. They observed the increase of shear span-to-depth ratio can significantly reduce the moment capacity of the sandwich panel due to the occurrence of the skin wrinkling in compression.
Clearly, there are significant variations in the behaviour of sandwich beams due to the change of orientation and shear span-to-depth ratio. However, the reported studies are limited to the investigation of sandwich beams' behaviour either in the horizontal or vertical orientation making a comparison study necessary and significant. This study investigated the effect of beam orientation on the static behaviour of fibre composite sandwich structure made The outcomes of this study provided an indication on how to effectively utilize the composite sandwich beams in carrying loads required in different civil engineering applications.
Materials and Methods

Materials
The structural composite sandwich beams tested in this study consisted of glass fibre reinforced polymer (GFRP) composite layers (skins) bonded to a phenolic core. The fibres of each skin were laid up in 0 0 (4 layers), 90 0 (2 layers) and ±45 0 (2 layers in each) along the 4 longitudinal direction of the sandwich beam to provide strength and stiffness in all directions.
Each skin was 1.8 mm thick with a fibre volume ratio of 45%. The phenolic core material came from natural plant (non-food) products derived from vegetable oils and plant extracts and was chemically bonded with the polymer resin. The density of sandwich panel is approximately 990 kg/m 3 which is comparable to the hardwood red gum timber [20] . The properties of the GFRP skins and phenolic core were determined by the second author and are provided in Table 1 . 
Specimen details and test setup
The bending test for sandwich beams was conducted in accordance with ASTM C393 [21] . In the horizontal position, the skins were located at top and bottom while the skins were at both side of phenolic core in vertical position. The specimens were prepared by cutting the panels into the required dimensions using a water jet cutter. The load was applied through a spreader beam with a loading rate of 3 mm/min using the MTS 100 kN testing machine. Three replicates were tested for each specimen type until the ultimate failure. In Figure 1 , the ‫ݐ‬ ௦ , ‫ݐ‬ , ܾ, and ݀ refer to the thickness of skin, thickness of core, beam width and beam depth, respectively. The other parameters ܲ, ܽ, and ‫ܮ‬ represent the applied load, shear span and span of the tested beam, respectively. In this study, ‫ݐ‬ ௦ and core ‫ݐ‬ were same for all 30 specimens. Therefore, the change of beam dimension indicates either the change of width (ܾ) or depth (݀). Depending on the test set-up, beam dimension and orientation, the a/d ratios were varying between 0.5 and 12. The variation of a/d ratio was ensured by changing the beam orientation and shear span while maintaining the span of the 6 beams. The details of the 30 different types of sandwich beam specimens are summarised in Table 2 . 
Results and Discussion
Failure mode
The typical failure modes of the sandwich beams made of GFRP skins and phenolic core are provided in Figure 2 • Combined shear and bending failure: This kind of failure occurred when the sandwich beam specimens were subjected to significant amount of combined shear and bending stress. In horizontal orientation ( Fig. 2(c) ), the specimens failed in core shear followed by the propagation of cracks towards the edge of the specimen and • Bending failure: In horizontal orientation ( Fig. 2(e) 
Load-displacement behaviour
The applied load and corresponding displacement at the loading point (ߜ ) were recorded using a data logger. From the measured ߜ , the mid-span displacement (ߜ) was calculated following the relation given in Eq. 
Bending and shear stiffness
The bending and shear stiffness of the beams were determined using the simultaneous method [22] . Bank [23] indicated that the total deflection of composite structures is the sum of the deflection due to bending and shear deformations. This applies to the composite sandwich beams due to the relatively low shear stiffness of the core compared to the GFRP skins. As a result, each of the sandwich beams tested in this study exhibited a loaddisplacement behaviour with two unknowns, EI and kGA as presented in Eq. (2) with ሺ3‫ܮ‬ ଶ − 4ܽ ଶ 48 ⁄ ሻ being the independent variable while ሺߜ ܲܽ ⁄ ሻ being the dependent variable. Table 3 . In the horizontal orientation, Table 3 shows that the magnitude of ‫ܫܧ‬ and ‫ܣܩ݇‬ are increasing almost proportionally with the increase of beam dimension. On the other hand, in vertical orientation, the increase of beam dimension exponentially increase the ‫ܫܧ‬ but proportionally increase the ‫.ܣܩ݇‬ The average magnitude of ‫ܧ‬ is higher in horizontal orientation (6.88 GPa) than the vertical position (3.98 GPa). This is due to the separation of skins with respect to major axis of bending which contributed in improving the bending modulus of the beam at horizontal orientation but the separation does not contribute at vertical orientation. However, the magnitude of ‫ܩ‬ are similar regardless of beam orientation due to the equal area of the beam resisting the shear deformation.
Effect of beam orientation
The change of beam orientation from horizontal to vertical changes the mode of failure of the sandwich beams. The sandwich specimens failed in brittle manner at horizontal orientation while the failure is progressive at vertical orientation. The load-displacement behaviour in shear. Figure 5 shows that, for any shear span, the horizontal and vertical curves intersects in the range between 50 mm and 60 mm. Results indicated that the transitional sectional dimension is between 50 mm and 60 mm with an average of 55 mm, below which the horizontal and above which the vertical orientation can carry higher load. 
Horizontal Vertical 20 mm × and vertical orientations respectively, indicating both core and skin significantly contributed to the bending stiffness at vertical orientation. Therefore, the bending stiffness of the sandwich beam with fibre composite skins and high strength core primarily depends on the modulus of elasticity, sectional dimension and orientation of the constituent materials.
Chakrabortty et al. [25] indicated the low stiffness of fibre composite structure is a great concern and can only be addressed through innovative design. Thus, the high bending stiffness of the sandwich structure can be efficiently utilised by placing the beams at vertical orientation, particularly when the depth-to-width ratio is 2 or more (e.g., 20 mm × 40 mm and 20 mm × 80 mm beam).
Effect of shear span-to-depth ratio
The variation of failure mode of the specimens at horizontal and vertical orientation with different shear span-to-depth (a/d) ratios are plotted in Figures 6(a) and 6(b), respectively.
These figures suggested that a/d ratio has strong influence on the failure mode of the sandwich beams. Generally, the beams failed in shear when a/d ≤ 2, specifically, the horizontal beams failed in core shear (Fig. 2a ) and vertical beams failed by skin shear (Fig.   2b ). However, an exception was observed in 80 mm depth beam at vertical orientation which failed by indentation due to the high local compression (Fig. 2g) . With the increase of a/d ratio, the shear dominance on the beam decreases and the bending effect increases. The sandwich beams failed due to the combined effect of shear and bending for 2 < a/d < 6.
Within this a/d range, the horizontal specimens failed in core shear followed by debonding between the core and the top skin due to the effect of bending (Fig. 2c) . In vertical orientation, the diagonal cracks in vertical skins arose from shear effect, and the compressive and tensile failure of the skins were developed due to the bending effect ( Fig. 2d and 2h) .
From an experimental investigation of the sandwich beams at horizontal orientation, Manalo [18] observed a transitional zone for a/d ratios between 3 and 6, where the specimens experienced both shear and bending. In the present study when a/d ≥ 6, the bending failure was observed for the specimens. The bending failure of horizontal beams was confirmed with the skin compression followed by core compression and debonding (Fig. 2e) . The buckling of the skins due to compression, and tensile fracture of the skins are the indication of bending failure in vertical orientation for a/d > 6 (Fig. 2f) . In contrast, Mathieson and Fam [19] observed the buckling failure of the skin at a/d ratios between 1.33 and 4.67 for soft core sandwich beam. This suggests the better stability of the vertical skins due to the high strength phenolic core compared to the soft core material which can provide only a low tensile bond strength between the core and the skin. 
where, ߪ ௦ , ‫,ܯ‬ ݀, ‫ܧ‬ ௦ , and ‫ܫܧ‬ represent the bending stress of the skin, bending moment at failure load, depth of the beam, elastic modulus of the skin, and bending stiffness (Table 3) of the beam, respectively. When the average shear stress in the core is determined, the skin is transformed into an equivalent core using the shear modular ratio. On the other hand, the core was transformed into an equivalent skin area if the average shear stress is determined for skin [14] . The average shear stress in core (߬ ) at horizontal orientation and the average shear stress in skin (߬ ௦ ) at vertical orientation are calculated using Eq. (4) and Eq. (5), respectively.
Where, ‫ܩ‬ and ‫ܩ‬ ௦ represents the shear modulus of core and skin respectively.
The variation of bending and shear stress with respect to the a/d ratio for both horizontal and vertical orientations are shown in Figure 7 . The bending stress increases with the increase of a/d ratio from 2 to 6 and gradually become constant when a/d > 6. This is due to the similar mode of failure for all specimens at horizontal (i.e., skin compression and debonding) or vertical orientations (i.e., skin compression and buckling) when a/d > 6 as shown in Figure 6 (a) and 6(b). From Figure 7 (a), it can be seen that the bending stress at horizontal orientation is higher than the vertical position when the beam fails in bending. The maximum compressive bending stress in the skin was 237 MPa at horizontal orientation which is close to the average compressive strength of skin determined from the test of coupons as reported in Table 1 . However, the vertical beams failed only at 220 MPa compressive bending stress. This can be attributed to the failure mode of the vertical beams due to a combined skin compression and buckling. The buckling failure is exhibited in the form of debonding of the skins from the core as shown in Figure 2 (f). Mathieson and Fam [19] observed that the buckling of skin in the sandwich beam arises before the skin reaches to its ultimate compressive strength due to the low tensile bond between the core and the skins.
This explains why the beams in vertical orientation failed at lower bending stress for a/d ≥ 6
and indicating the preference of horizontal orientation for the design of bending dominated structures. It is important to note that the load at which buckling failure of the vertical skins occurred was almost 92% of the maximum compressive stress of the fibre composites. In contrast, the buckling of the skin for sandwich beams with a soft core investigated by Mathieson and Fam [19] is only at 50%. This result further suggest the suitability of a phenolic core in providing stability to the vertical skins. and Hahn [26] and Awad et al. [27] indicated that the sandwich beams with shorter shear span exhibited higher shear stress than the longer shear span. However, there is a clear distinction of shear stress level between horizontal and vertical orientations (Fig. 7b) . At horizontal orientation, the core is mainly carrying the shear force whereas the shear force is carried by both the core and the skins at vertical orientation. As a result, for the same a/d ratio, the shear stress at failure is significantly higher at vertical orientation than the horizontal position. This indicates that the sandwich structure is more effective in carrying shear if they are to be applied in the vertical orientation. mechanism, in horizontal orientation the τ/σ ratio was calculated as the ratio of the actual shear stress in the core and the bending stress of the skin while this ratio was determined as the actual shear and bending stress of the skin at vertical orientation. Figure 8 shows that the τ/σ ratio decreases due to the decrease of shear effect and increase of bending influence with the increase of a/d ratio. Yoshihara and Furushima [28] indicated that when the actual τ/σ ratio is larger than the allowable τ/σ ratio, the timber specimen would fail in shear. In horizontal orientation, the upper bound allowable stress ratio (0.014) is calculated as the ratio of shear strength of core to the tensile strength of skin while the lower bound (0.009) is the ratio of shear strength of core to the bending strength of skin. Similarly, in vertical orientation, the upper bound allowable stress ratio (0.079) is calculated as the ratio of shear strength of skin to the tensile strength of skin while the lower bound (0.051) is the ratio of shear strength of skin to the bending strength of skin. This is due to the core shear failure at horizontal orientation and skin shear failure at vertical orientation as mentioned earlier.
During shear failure, the actual bending stress in the skin is lower than the skins' maximum bending strength and thus the tensile strength of skin is considered for determining the upper bound stress ratio. The upper and lower bound allowable stress ratio is particularly important in determining the zone of shear and bending failure. When the actual τ/σ ratio is higher than the upper bound allowable τ/σ ratio, the sandwich beams are expected to fail in shear. On the other hand, the sandwich specimens are expected to fail in bending if the actual τ/σ ratio is lower than the lower bound allowable τ/σ ratio. Moreover, if the actual τ/σ ratio falls between the upper and lower bound allowable limit, the sandwich beams are expected to fail in combined shear and bending. Figure 8(a) shows that the stress ratio concept can accurately predict the mode of failure of the sandwich beams at horizontal orientation. However, at vertical orientation, the upper and lower bound allowable stress ratio is slightly higher than the expectation. This may be attributed to the progressive nature of failure of the beams at vertical orientation which provided several load drops at different displacements. This result also indicate that the vertical beams are superior in shear performance and prediction of failure behaviour is more complex than the horizontal orientation.
(a) specimens at horizontal orientation (b) specimens at vertical orientation 
Determination of the influence of the variables
The influence of beam orientation and a/d ratio on the load carrying capacity and stiffness properties of the sandwich beam was evaluated by a two-way Analysis of Variance (ANOVA) using SPSS -a statistical analysis software [29] . As it is mentioned, the change of failure modes from shear to bending occur when a/d ratio changes from 2 to 6 in both horizontal and vertical orientations, therefore, the variation of a/d is considered in that range for this analysis. The results of two-way ANOVA are shown in Table 4 . 
Theoretical Analysis
Estimation of failure loads
This section discussed the theoretical estimation of failure loads for different configuration of sandwich beams. The experimentally observed failure modes, i.e. bending failure, shear failure, combined shear and bending failure, and indentation failure were considered as the criterion to estimate the load capacity of the sandwich beams.
Bending failure
The sandwich beam is expected to fail in bending when the bending stress of the skin (ߪ ௦ ) reaches to the allowable compressive bending stress of the skin (ߪ ௦ሺሻ ). Simplifying Eq. (3), the ultimate failure load due to bending (ܲ ) of sandwich beams with horizontal and vertical orientations can be determined by Eq. (6) .
The theoretical bending stiffness ‫ܫܧ‬ in horizontal and vertical orientations can be calculated by Eq. (7) and Eq. (8), respectively.
In horizontal orientation,
In vertical orientation,
Shear failure
The shear stress at different levels of the sandwich beam section can be determined by accounting the constituent materials of the cross section [30] . In horizontal orientation, the sandwich beam is expected to fail in shear when the shear stress of the phenolic core reaches its allowable shear strength (߬ ሺሻ ). In vertical position, shear failure occurs when the shear stress in the skin exceeds the allowable shear strength of the skin (߬ ௦ሺሻ ) [14] . The shear failure load (ܲ ௦ ) in horizontal and vertical orientations of the beam can be determined by Eq.
(9) and Eq. (10), respectively [14] .
The bending stiffness ‫ܫܧ‬ in Eq. (9) can be calculated by Eq. (7).
Combined shear and bending failure
When shear span-to-depth ratios are between 2 and 6, the failure of the sandwich beam occurs due to the combined action of shear and bending. Bank [23] indicated that, when a beam is subjected to high shear forces and high bending moment, a combined shear and bending action will govern. Under this circumstances, the maximum stress criterion can be used in predicting failure loads. The failure is expected when the sum of the ratios of actual shear stress (߬ ௧ ) to allowable shear stress (߬ ) and actual bending stress (ߪ ௧ ) to allowable bending stress (ߪ ) approaches unity. The linear failure criterion can be expressed as:
Simplifying Eq. (11) using Eqs. (6 to 10), the failure loads can be calculated as:
In Eq. (12) and Eq. (13), ܲ ௦ି is the failure load due to combined action of shear and bending. ߬ ሺሻ and ߬ ௦ሺሻ are the allowable shear stress in core and skin, respectively and ߪ ௦ሺሻ is the allowable compressive stress of skin. The bending stiffness in horizontal and vertical orientations can be determined by Eq. (7) and Eq. (8), respectively.
Indentation failure
The theoretical model for predicting indentation failure loads of foam-core sandwich beams at horizontal orientation have been studied by several researchers [31] [32] [33] [34] [35] . However, there is a lack of research for estimating indentation failure loads at vertical orientation. The present study proposed a theoretical model for estimating indentation failure loads at vertical orientation based on the principle of contact mechanics theory [36] . Two assumptions have been considered for indentation modelling; (a) the beam is supported on rigid plastic foundation [31] , and (b) the indentation failure occurs when the stress in skins under the indenter attains to the transverse compressive strength of the skin. The mechanism of transferring loads from the indenter to the sandwich beam through a line contact at the early stage of load application and the contact area increase with the increase of applied loads as shown in Figure 9 . 
In Eq. (16), ߪ ௧௦ is the transverse compressive strength of the skin as provided in Table 1 .
Comparison between calculated and actual failure load
The calculated failure loads from the appropriate theoretical model presented in Eq. (6) represents the initiation of the indentation, and with the gradual decrease of a/d ratio the effect of shear compression increase and the ultimate failure occurs at higher loads even the early initiation of indentation (Fig. 2g) . However, a combined shear and bending failure was observed for a/d of 3 and Eq. 13 provided a reliable estimation.
From the percentage differences (% Diff.) between experimental and theoretical failure loads in Table 2 , it can be seen that the theoretical model mostly underestimates the ultimate load when the sandwich beam fails in shear. On the other hand, the bending failure equation overestimates the failure load due to the initiation of debonding between the skin and the core. It is important to note that in the considered theoretical analyses, the skin is assumed perfectly bonded to the core. This separation from the core resulted in the thin fibre composite to buckle in both beam orientation. In most cases, the traditional theoretical models estimated the shear failure loads within 30%, combined shear and bending failure loads within 25%, and bending failure loads within 20% of the experimental failure loads.
This indicates the classical failure models can estimate the bending failure loads more reliably than the shear failure loads. Moreover, the greater variation between predicted and actual failure loads was obtained at vertical orientation than the horizontal position. This is due to the more complex behaviour of vertical beams than the horizontal one as explained in beams with a/d < 2 is due to the effect of shear compression which have allowed the beam to continuously carry the load. This failure mechanism needs further investigation. In many circumstances, researchers have found the differences between experimental and theoretical failure loads of sandwich beams up to 20% [19] , 21% [31] , 30% [37] , 34% [18] , and even up to 100% [7] . Therefore, further investigation is necessary to establish better theoretical models that can capture the insight into the response of the sandwich beams.
Theoretical evaluation of bending and shear stiffness
Experimentally, the bending stiffness ‫)ܫܧ(‬ and shear stiffness ‫)ܣܩ݇(‬ are evaluated from the load-displacement relationship and presented in Table 3 . Theoretically, the bending stiffness of sandwich beams in horizontal and vertical orientations can be estimated using Eq. (7) and Eq. (8), respectively, by assuming the skins and core are perfectly bonded [38] . However, for a particular sandwich beam, theoretically the shear stiffness in horizontal and vertical orientations can be estimated by Eq. (17) . • The bending stiffness of the sandwich beam is greatly influenced by its orientation and can be efficiently utilised by placing the beams vertically, particularly when the beam depth-to-width ratio is 2 or more.
• Generally, the sandwich beam fails in shear, a combined shear and bending, and bending for shear span-to-depth ratios of 2 or less, between 2 and 6, and 6 or more, respectively. The possibility of indentation failure is higher at vertical orientation than the horizontal position.
• Sandwich beams in the horizontal orientation is preferable for designing bending dominated structure while vertical orientation is a superior choice for shear dominated structure.
• The beams are expected to fail in shear when the actual shear-to-bending stress ratio is higher than the allowable shear-to-tensile stress ratio while the beams are more likely to fail in bending when the actual shear-to-bending stress ratio is lower than the allowable shear-to-bending stress ratio. In between these ratios, a combined shear and bending failure is expected.
• The two-way Analysis of Variance showed that the beam orientation has more influence on the load carrying capacity and stiffness properties than changing the shear span-to-depth ratio.
• The existing theoretical models can estimate more reliably the failure loads in bending than in shear. The proposed indentation failure model reliably estimated the initiation of indentation in the vertical orientation. These moderate variation of failure loads predicted by existing models suggested a further investigation to establish better theoretical models that can capture other critical behaviour such as the initiation of skin debonding and the shear compression failure of the very short vertical sandwich beams.
